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EXPONENTIAL LI-1ION BATTERY
DEMAND GROWTH

Lithium-ion battery demand globally has risen dramatically over
the last 10 years, and is only beginning

Globol demaond depicted below with occurote relative scole
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S
SETTING THE STAGE

Projected Global Spent EV Battery Volume

* An increase of lithium-ion
batteries coming in electric
vehicles (EV)

= Consumer electronics
collection is an issue

» Stationary applications can
be in remote locations

-~

-

Speint battury volume (milan metoe tom)

» Cannot meet EV material °

demand ." ut fec’ycling A0S 26 20T e m;un:t ;:n: ml~l:°:w!:: 206 0% JOAR 08 0%
s o- wlwope »

A sgmanns based wo A ptvet PLY papmbat

Types of LIBs in the market

LCO - Lithium LFP - Lithium LMO - Lithium NCA - Lithium NMC - Lithium LTO - Lithium

150-200 20-120 100150 200-260 150-220 50-80

500-1.000 »2.000 300-700 500 1,000-2,000 3,000-7,000

Mobile oh a .::zh:“l: d Power tools, Medical devices, E-bikes, medical Uninterrupted
u:l: & n;nes, :n d:::m' medical devices, industrial electric devices, EV, eg. power supply,
i g electric powertrain, .. Nissan LEAF, electric

alziod f':':?D‘ powertrains Tesla EV, Panasonic IMIEV, Volt powertrain

S Sathey ey
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Recycling

From old to new

O much valuable content s contained in a single batt

Aluminum 126 kg

Residual 41 o
Steel 5 g
Lithium £ o
Ellectronics ©
Cobalt 9 3

Manganese 1. g

Plastic 21 ¢
Graphite 1 kg
Copper 22 3

Electrolyte 37 1

E
\

Nicked £1 \p

& voceywea e
( GROUT COMPINENTS

Targeting >90% recovery of key battery materials

Orrrren . . o

Typical Lithium-ion
battery breakdown
(NCA, LCO chemistry)

solution

Stoamnv
plastics
%

Cardon
black & biner




2021 F iR R B F 3 ¢

EV Batteries Value Chain

{riw materials)

Battery Grade Cathode/Asede
ldastrial Chemicals Manatacturng
Girage
(hemecals

n.lc,a.., The European Union enforces
battery producers to take
responsibility for recycling
waste batteries.

‘l
Certfied Waste _
Collactor

End of Life &
Waste Batteres
Non Wedicle
Second Life

(O "3 6
O Closed Loop Resource Logistics Management
Rwovory A reliabie satwark af logatics
nos >ding \okaqy enabl p ) support customens Ir
Secure Destruction Add-on Services
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» Recycling lithium-ion batteries is
possible today

* These processes are mature

Secona lile

* Produce lower value products and
are not revenue positive without
tipping fees for many chemistries

Current recycling process

Processing “black mass”
Comparison of main technologies

Pyrometallurgy e Hydrometallurgy °

¥ High recovery rates for nicke!, cobalt and copper ¥ High recovery rates for cobalt, nickel and copper
¥ Graphite and solvents burned, providing much ¥ Lithium is recycled

of the process energy ¥ Option for manganese and graphite recycling
v’ Mature technology ¥ Moderate temperature range

X High energy intensity (around 1,500°C) and CO, X High Investment required
footprint X Inflexible process

X Loss of lithium in slag — recovery from slag is X High amounts of by-products, waste
expensive

Both technologies call for improvements towards lithium yield,
by-products or investment cost,
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Neometals High-Level Flowsheet [

Shredding

LiCo / NMC |
Battery Feed |

Black Powder |

2nd Life

Refining

Plastics

Metal Foil

Cobalt

Base Metals Nicke!

" Copper

\7' Graphite

Lithium

o

Typical Smelter Materials Recovery

Ni M Cu [
Co
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SUPPLY
NCUMBENT PROCESS

ECYCLING

CHAIN

Incumbent recycling chain/processes
Disoggregated, inefficient, low recoveries, waste-oriented
250% recovery rate

Smelter - electric furmace
PIOCESS, Processes black
mass from the preceding
Step

Batteries recolved,
discharged. damantied
heawvily, potantiaily
Shredded

High temperature
processng, caltining /
roasted, burning off
elactrolyte, plastics, and

Tradtional hyoromet
refinery; processes the
matta contaking NI, Co, Cu
from the slectne furnace;

Re-dissolve metals to
produce Co & Ni chamicals
{sulphates) that can be
wbilized by typical cathode

prockaces NI, Co. Cumetal

other volatile components precursor manufacturers

What's being lost:

Lithium gows into slog
(uneconomic to recover
thereafter L graphite,
aluminum, and other light
components - oll divected to
the slog ond off-gos

Losing any residuo!
ANgANesE and oehes minor
components in the matte from
the senalter

Electrodyte lost, fluonne
ermttedt potentially plostics;
potentiolly graphite

Possibly the slectrolyte,

portiolly the plastics NA

MECHANICAL SAFE SIZE REDUCTION

Spoke

All types of lithium-ion batteries are transformed froma
charged state to an inert product in a safe and efficient
manner.

Spoke & Hub

Technologies

A combination of mechanical safe size
reduction and hydrometallurgical
resaurce recovery specifically designed
for lithlum-ion battery recyeling.
HYDROMETALLURGICAL PROCESSING

Hub

Cathode and anode materials are processed into battery
grade end-products for reuse in lithium-ion battery
production or other applications in the broader economy.

95% rLuvery
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Spoke and Hub Technology of Li-Cycle

2Uon vetteries for recycing ) Shredaing i mechanical separotion > D ntermediste products ) Extraction it moterisl recavery ) D Battery grade Qi refined matensls

Contrasand Wb
Netwark of Spobes {
5 .
e rubey
Sold to the market ’ @
Shwedded CorAl Mned plastics
e
e

oy

10
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Spoke Technology

Patented Apparatus / System

| Uthiumdon Betteries - slichemistries, T mmmTT Hyplne |

| Tormfactorsin a single stream, at Ventilation
Screen
Shredded Plastics - Q —
10 fuek o rewse
C

| thair state of charge (SoC) as-ds

@l

Shredding-drying-sieving-magnetic separating-

electric separating 778 Ry ¥} ~ $58E ~ Bl K

11
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Closed loop

of Lithium
battery

BATTERY

MANUFACTURING

I

MATERIAL
ool feadamch CONVERSION wn aat recovary

COST, EMISSIONS, ENERGY, THROUGNPUY WATER CONSUMPTION,

COMMODITY RECOVERY, REVENUE, WASTE TO ENERGY,

“Black mass*”

® Recycling of lithium-ion batteries

Element  Content
(LIB) starts with mechanical weight %**
operations (e.g., dismantling, ( Ni
shredding, sorting). vailuable Co
| This yields "black mass” metais Mn
® |t mainly consists of the L
electrode active material. c
® Black mass contains valuable _
Co, Ni, Mn, Li, but also carbon e
and many contaminants. Cu
Al
Fe
n
Chemical treatments are needed to extract Ca

the valuable metals from “black mass”

- a new resource

12
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Deep dive hydrometallurgy

lllustrative process

“black mass” H,S0, H;SO,
30 kt H,0, sobvent Ca0 NaOH  sclvent Na,CO,
4 around
10 kt
=¥ Na,SO,
waste
4
Off-gas Carbon CuSO, ANOH),,
organics, (removal via Fe(OH),,
fluonde filtration) Zn{OH),,
Caso,
Characteristics
v Waell established processes in mining Industry up to nickel and cobalt recovery to bulld on
% Inflexible process — lithium is always recycled at the end and comes as lithium carbonate only
x  Significant amounts of sodium sulfate waste by-product
The process cuts CO, emissions by -25% vs. CAM* materials based on mining.
Step 1: Removal of lithium from “black mass” Step 2: Extraction of Ni, Co
‘black mass” HS0, HS0,
NaOH solvent

30 kt Ca0
4 4
Smant Seloctive Lideaching O wifinad
o
4 4

H,0,
4
4
Carbon CuSO, AI(OH);, 10 kt NCM
Benefits of LIOH first:

(removal via Fe(OH),, in form of Ni,
fatration) Zn(OH),, CuSO, Co, (Mn) sulfate
¥ avoids sodium sulfate by-product
v allows direct access to lithium hydroxide

¥ cuts investment cost in the value chain

13
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Deep dive lithium purification

“black mass”
30 kt

|

Smart Li-recovery
lithium releass and purification

New BASF purification scheme
Recovering battery-grade lithium from “black mass”

Lithium ex lon exchange /
“black mass”  Crystallization adsorption
Pratoay above
I \ battery grude
) i\ /  +
W On spec. works for most lons, . but not for fluonide  proof of concept
11 Mot wected in tab achieved

Smart combination of purification technologies needed to extract
battery-grade lithium from “black mass”.

14
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Lithium demand

Lithium
demand

60,

Electric Energy - Satteries
v i Storage E-bikes =

It suggest that the lithium demand strongly depends on the

(trod. maorkets)

Soure: MFinsey, Soombong N Enargy
Rries, Do isone Bk Wity Mvera's)

automotive clectrification.

Demand and supply of lithium

Total Li Production (fons)

Total Li Production (1ons)

[ Total Li Consumption (tous)

Lithium dissolved in brines

chicad 40000 - accounts for more than 66 % of

2 global lithium reserves.

- 30000 '
=

| 20000 g Today, most of the lithium is
Z  produced {about 83 %) from

H1o000 = brines.

3

010

2011

2012 0

1,200 000

Supply/Demand balance forecast

1.000 DOD
The deficiency of lithium - (e
carbonate will reach about 350 £ sxee
k tons. Eo___——--__l
A0 X
GO0 OO
e e o 201 2000 PLAAY o M M0 200N
. P outpur T 1

15
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Two main recovery resources of lithium

* Brine water
* Spent lithium battery

Sustainability: the choice

To produce

} 1 . 1 Ton of Lithium | EEED
.’MK} We need

250 T of ore
(spodumene)

28 T of Liion batteries
from mobiles/laptops
Or
750 T of brines

Or 256 batteries

s ) for EV

16
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r[ Pending issue I ]

Lithium reserve :
South America (80%)

reserve : 30 million tons

O

The demand of lithium will
increase.

- : Korea
7 Lithium have the same L1 l |
problem as rare earth. Commercialization of Important!
-Scramble for lithium the technology for
-Soaring lithium price resource recovery of ,
. *Export regulation 3 from seawater New Telcflthn?olo%) o
(until 2015) extract hittuum {rom
g sea water.

Innovative technology

- Seawater Lithium Recovery Project

lHlustrations of Lithium Recovery Plant

LUITHIUM RECOVERY PLANT

17




2021 FRE BB F €

Multiple Utilization of Ocean Energy and Resources

DIRECT RECYCLING S

Appevimaie Friee (Shg)

LITHIUM-ION
_ BATTERY
Direct recycling RECYCLING
recovers cathode

material instead of
metal salts, offering
the most potential for
cost effectiveness

18
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DIRECT RECYCLING

Typical Direct Recycling Process Flow

M-uu.u /

= Multiple processes

investigated to mitigate risk *0 Q

\

= Continual review of new

project ideas & REC),
) & (,1 :
= End projects that are not CATBON BUACH g a ®
+ . . AND PVOF
showing promise in cost and
performance
s - Ca Black
* These unit operations can o &@
benefit other recycling fm) x&'-‘i .
processes Relrhiaton &T B 'vomy
and Upcycling Manufacturing
AEJUVENATTD
CATHOUR
ReCell  wamer =

Cathode recovery could enable economical
recvcling

* Value of constituents for LiFePO, is low comparing with

LiCo0O; or Li(Co,Ni,Mn)O», but cathode itself has high value.

Cathode Price of Price of Cathode
Constituents (S/1b) (S/1b)

LiCoO, $9.90 12.00%**

LiNi ;Co ;Mn 0, $6.10 $8.80%

LiMnO, $1.35 $4.50°

LiFePO, $0.75 $9.10?

Spent LiFePO, battery will not be recycled to the constituents by using chemical
or high temperature smelting processes due to the lack of economic benefits.

19
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General flow sheet for production of lithium compounds from brines and seawater.

The traditional process is
complex and needs many
Siimai | — wamerw Chemicals, which is detrimental
e t0 the environment.

| Is there other simple and
environmental friendly
process to extract lithium
from sea water?

[

{ '.y-“l...-..
‘

Ly high pueity
L0,

Adsorbent Having High Selectivity for Lithium lon
Spinel Type Li,Mn,O,

K'
o —

Li* /C)\ N \ \ Vg

(0.78A) -
o Z —‘O

Angstrom pore [y (0.98A)
Having Li* size

lon Size Memorized Adsorbent

20
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Synthesis of Li,Mn,O, and A-MnO,
| Mn0, ] + | LioH-H,0 | P e

Molar ratio Li =1.20r 152 Acid treatment by 1M HCI
Mixing & rindi "(15mm)

—

==

_Pre-sintering_ 425-C, 5h
Slow-coolmg‘_aj mol temp. for 1.5h

To keep the al structure,
stirring in acid solution of
molar ratio [Li*] | [H*] = 1 : 40
for overmgh (Several times

repeating) % \/

lon-recognizable
adsorbent of Li*

Mixing &_ C;n'ndil'ug_ (15min)

C f-Maln-slnterirm\ 500°C, 5h
Slow-cooling Inleiecllg aoven for 12h

Granulation of Adsorbent for Column Packing

LiClI 0.25g + Chitin 0.05g
in N-methyl 2-pyrrolidinone 5mi

i SEM image of
. granulated
l +7-MnO, 5g under stirring ed(xeo) :
’ + 2-propanol ‘
~Gisgipialion. Photograph of
vacuum filtration, rinse with oremg:,t::rand
deionized water, dry at 60°C aup,orbems

p

21
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Benchmark Plant of Lithium Recovery from
Seawater in IOES

Adsorption columns for
LI recovery with #-MnO,

Desalination plant

HCI
solution

Performance of Equipment |
erformance of Equipmer LiCl solution eluted by HCI

Adsorbent weight: 60 kg Pre filter
Adsorbent volume: 0.6 m?

Eluting aq. soln.: 0.8 M HCI

Flow rate of seawater supply: 200 L/h

’
Pracipitated Solid
Seawater Contalining Lithium

. R — . I . .
0.15 - -
L s e %
- @
= T >
0.10 e
= e
5 g
0.05 - © 4
- e
-
©
> L } . . Yo | " . Anse A . -
0'000 200 400 600 800
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Lithium concentration profile after passing adsorption column.
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[onic adsorption selectivity of MnO,

Table 1. Metal composition of the eluted solution and the dried precipi-
tate salt

Concentration

Eluted solution Precipitated salt*® efficiency lrom
Element (mg/L) (wi' ) seawiter
B g 160 33.3 1 1000
Nat 236 204 0.26
92 3.3 0.94
Mg*™ 17 8.2 0.57
Ca?* 176 13.4 4.11
Sr° 35 2.0 50
Mn** 234 19.4

*calculated as metal chlorides existing in the precipitates

Problem of the ion sieve adsorption technology

* The main problem of the ion sieve adsorption technology: The
adsorption capacity and rate became smaller and slower after
granulation and adsorbent loss increased due to the degradation
of the binder.
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Electrosorption of LiCl in different solvents by carbon
nanotube film electrodes

Teeeeersaressseeecssessatinn

W i @ a8 w

Tone ¢ s

Fig. 2 Time-dependart UC! concentration vamation i (a) water, {b) methancl, (c)
ethancd and (1) DMF durng the clectrosomtion at defferent voltages

Purpose of research

Lithium 1on siev 5 .
thium ion sieve Electro-adsorption
* Step 1 * Step 2
< Lahinm capturing = Luabiwm releasang
- Emcrygy gencrutum - Energy anmv:pm-n

Methodol g2V The spent LiFePO, powder was coated onto the surface of
titanium mesh by using clectrophoresis to form a 3D nano-structured electrode,
which can extract lithium from brine water via electro-adsorption process.
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Benefits of the combination of 3-D nanostructured lithium ion sieve
and electrosorption

* Fast adsorption/desorption rate due to the combination of the
3D nanostructure, lithium ion sieve and electric field.

* No need of granulation.

* No need of membrane which is expensive, easily leads to
biofouling and is easily permanently destroyed by certain
solvents and colloidal solids.

* No need of washing acid, which is more environmentally
friendly.

\ LiFePO, cathode ) Graphite anode
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Zeta potential at different pH
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Schematic of lithium 1on capturing process in simulated

brine waler
Dlscharglng Chajging

- Source water
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Brine water
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- 1% reservoir
to 2" reservoir

- Extraction of
high purity Li*
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Counter clecroade: Pt
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XRD patterns
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Lithium adsorption for different cycles
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Conclusions

* Two main recovery resources of lithium :
* Brine water
*Spent lithium battery
» This lithium recovery system successfully demonstrated that lithium can be
selectively recovered from brine water which contains various cations,
* The Li™ adsorption efficiency of the nanostructured lithium ion sieve and electro-
adsorption is better than the traditional ion sieves.

* Novel lithium recovery technology from brine water by using spent LiFePO,
battery was successfully developed.
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